The authors investigate and compare the performance of three different optical frequency comb sources in an intensity modulated and directly detected compatible SSB OFDM system. The influence of relative intensity noise and carrier-to-noise ratio of the different multicarrier sources, on the performance of a 12.5 Gb/s compatible SSB OFDM system, were investigated experimentally and by simulation. The results obtained show that, system performance depends significantly on the relative intensity noise and carrierto-noise ratio levels of the specific multicarrier optical source employed. However, it is shown that optical multicarrier sources with low relative intensity noise and high carrierto-noise ratio levels can assure very good performance in a WDM-OFDM system. Index Terms: Fiber optics and optical communications, intensity modulation and direct detection, optical frequency division multiplexing, optical multicarrier sources, relative intensity noise.
Introduction
The significant growth of traffic in long-haul, metropolitan and access networks translates to the on-going increase in demand for bandwidth. Wavelength division multiplexing (WDM) technology has been successfully used to increase the aggregate capacity of optical transmission systems, and thereby meet increasing bandwidth demands. The effective use of available bandwidth is further increased by using advanced modulation formats [1] and modulation techniques such as orthogonal frequency division multiplexing (OFDM) [2] , [3] and Nyquist WDM [4] .
OFDM has been proposed for optical transmission systems due to its advantages in overcoming transmission impairments such as chromatic and polarization mode dispersion, and also due to its high spectral efficiency [2] , [3] . Based on the structure of the optical receiver, the OFDM system can be categorized either as a direct-detected (DD) or coherent receiver based system [2] , [3] . Compared to DD systems, coherent OFDM has better sensitivity and spectral efficiency, but the complexity of coherent receivers increases the cost of the system which limits their usage in access and metropolitan networks. An attractive alternative are low cost OFDM systems, which employ intensity modulation and direct detection (IM/DD). The use of directly detected WDM OFDM systems, for both access [5] - [9] and metropolitan networks [9] , [10] , has been extensively investigated in recent years. Several methods can be used for generation of IM/DD OFDM signals, which can be double side-band (DSB) or single side-band (SSB). DSB OFDM [3] , [7] suffers from chromatic dispersion induced power fading [3] , [7] , [11] and occupies larger bandwidth when used in WDM scenario. SSB OFDM signals can have a spectral gap between the optical carrier and sideband providing sufficient frequency separation for unwanted photodetection products [12] , or have no spectral gap to provide very efficient usage of available bandwidth [3] , [13] - [15] . The compatible SSB OFDM [13] - [15] is used in this paper.
Compared to coherently detected optical WDM OFDM systems which often employ various multicarrier optical sources [16] , [17] , WDM OFDM systems which are based on intensity modulation and direct detection usually incorporate laser arrays at the transmitter side [6] . Recently, the use of semiconductor mode-locked lasers as optical multicarrier sources in SSB OFDM access networks which employ intensity modulation and direct detection have been proposed [18] . The characterisation of the relative intensity noise (RIN) and the carrier-to-noise ratio (CNR) of the multicarrier source used is of significant importance. The high carrier-to-signal ratio (CSR), which is a property of gapless intensity modulated OFDM signals [14] , is determined by the peak-to-average power ratio (PAPR) of the OFDM signal [13] . The linear operation of an intensity modulator can be assured with a small modulation index of the input signal, which will cause the signal sidebands to have much lower power than that of the carrier. Hence, such systems will be vulnerable to optical noise [15] and, therefore, be sensitive to the RIN and the CNR of the multicarrier source used. In addition, a baseband OFDM signal in an IM/DD system is usually upconverted to a desired RF frequency prior to modulation onto an optical carrier [12] - [15] , resulting in essentially an analog modulation of the optical carrier [19] , thereby making the system more sensitive to intensity noise. The influence of the RIN in a single channel directly detected OFDM system with a frequency gap between optical carrier and sideband was investigated in [20] .
In this paper, we compare the performance of three different optical multicarrier sources in an IM/DD compatible SSB OFDM system. The influence of the RIN and CNR of an electro-optic (EO) modulator based comb source, an externally injected gain switched comb source (GSCS), and a semiconductor tunable mode-locked laser (TMLL) based comb source, on the performance of intensity modulated compatible SSB OFDM system is investigated experimentally and by simulations. Results obtained show that the RIN and CNR of the optical multicarrier sources significantly influence the performance of IM/DD compatible SSB OFDM systems. Good agreement between experimental and simulation results is obtained.
Experimental Setup
The experimental setup used for the WDM-SSB-OFDM system is shown in Fig. 1 . The optical multicarrier source at the transmitter consists of an optical frequency comb source (OFCS), a tunable optical filter (to select the desired number of channels) and an Erbium doped fiber amplifier (EDFA). A detailed description of the optical frequency comb sources employed in this work are given in Section 2.1. The spectral output from the optical multicarrier source consists of 8-10 tones (based on the multicarrier source used) spaced by 10 GHz, which exhibit spectral ripple of 3 dB. In field installations, the generated comb lines would be separated by a de-multiplexer and each individual channel would be modulated independently. Due to the lack of an appropriate de-multiplexer with a free spectral range (FSR) of 20 GHz, in this experiment all the comb tones are modulated by a single dual-drive Mach-Zehnder modulator (DD-MZM). The DD-MZM is biased at the quadrature point and then modulated with a SSB OFDM signal waveform derived from an arbitrary waveform generator (AWG) operating at 10 GSa/s. The detailed analytical derivation of the implemented SSB OFDM signal waveform is given in [21] . The 12.5 Gb/s compatible SSB OFDM signal is composed of 80 subcarriers with 16QAM modulation format on each subcarrier, and an OFDM symbol rate of 39.06 MHz. The incorporation of the 7% forward error correction (FEC) overhead together with a cyclic prefix length of 6.25% of the IFFT size (which has 256 inputs) gives a net data rate of 11.2 Gb/s. The total bandwidth of the signal is about 3 GHz. Clipping was used, which reduced the PAPR of the signal from 14 dB to 12 dB.
The signal de-correlation is performed by splitting the channels into odd and even subchannels with tunable cascaded dis-interleavers based on asymmetric Mach-Zehnder interferometers (AMZI), with a FSR of 20 GHz. The even channels are subsequently passed through a 5 m de-correlation fiber patchcord, and then passively combined with the odd channels. The combined signals are then optically amplified with an EDFA which operates in constant power mode. At the receiver the desired channel is filtered with a narrow optical band-pass filter (OBPF). In field installations, an appropriate de-multiplexer would be used instead of a single optical filter. The filtered channel is detected by using a 10 GHz receiver that consists of an avalanche photodetector (APD) and an integrated trans-impedance amplifier (TIA). An APD based receiver provides better sensitivity compared to a PIN receiver, which can reduce the number of required optical amplifiers in the system, especially when transmission over optical fiber is performed. The received signal is captured with a real-time oscilloscope operating at 50 GSa/s. Digital processing of the received signal and bit error rate (BER) calculations as a function of the received optical power are performed offline using Matlab.
Optical Frequency Comb Sources
Optical frequency comb sources have recently attracted much interest due to a wide range of applications [22] - [24] . OFCSs with good spectral flatness, stability, sufficient number of tones, high CNR and low RIN on each tone, and a tunable FSR are highly desirable in multicarrier transmission systems. Various techniques for optical comb generation have been reported [25] - [27] , [29] .
Recently, optical frequency comb generation with electro-optic modulators has attracted great attention [25] , [26] , where the modulator is nonlinearly driven with a large-amplitude sinusoidal signal ð$ 3 V pi Þ, as depicted in Fig. 2(a) . A phase shifter is used to improve the flatness of the comb. It is known that EO modulation with a larger-amplitude signal promotes the generation of higher-order harmonics of the driving signal, conforming to Bessel functions [26] . The optical spectrum of the 10 GHz FSR comb generated by using a phase modulator (EO space, V pi ¼ 5 V) is shown in Fig. 2(d) . A relatively flat optical comb with 7-8 comb lines within 3 dB flatness, and excellent CNR ($68 dB) was obtained.
An attractive alternative method for generating an optical frequency comb entails the gain switching of an externally injected distributed feedback (DFB) laser [24] , [27] . Fig. 2(b) shows the experimental setup of the GSCS. Gain switching is achieved by driving a slave laser diode (NEL DFB laser, I th $ 12:5 mA) with a large sinusoidal signal (24 dBm) at the desired frequency, in combination with a DC bias current ð$ 4I th Þ, while the laser is temperature controlled at 25 C. Additionally, a master laser (Furukawa integrated tunable DFB array) injects light into the slave laser via a polarization controller (PC) and an optical circulator, and thereby transfers its characteristic optical linewidth to the individual modes of the comb [27] . The external light injection also reduces the RIN associated with each of the individual comb tones [28] . A polarization controller (PC) is used to align the polarization state of the injected light with the optical waveguide of the slave laser. The wavelength of the master laser is tuned to match the slave laser, and the injection power is set to approximately 4 dBm (measured at the output of the PC). The output of the externally injected gain switched DFB laser is subsequently analyzed with the aid of a high resolution bandwidth (20 MHz) optical spectrum analyzer, which is shown in Fig. 2(e) . An optical comb with good flatness and higher number of comb tones (10-11 lines within 3 dB flatness), but with lower CNR ($50 dB) compared to the comb generated using the EO modulator, was obtained.
Conventionally, a semiconductor mode-locked laser is a popular candidate for such optical frequency comb generation [18] , [29] . Semiconductor mode-locked lasers can generate multicarrier signals over a wide bandwidth, but they typically suffer from cavity complexity, relatively large linewidth of individual comb lines, and usually do not offer FSR tunability [29] . Viewed from a practical perspective, the technology has control difficulties in starting and maintaining mode locking. This is because typical mode-locked lasers, consisting of multi-mode cavities, have multiple stabilities [26] . A typical setup for optical comb generation by using an actively locked mode-locked laser is depicted in Fig. 2(c) , and it is achieved by applying a large amplified sinusoidal signal (about 23 dBm) at the predetermined frequency to the mode-locked laser (u 2 t semiconductor TMLL). The spectrum of the generated optical comb is shown in Fig. 2(f) . Compared to the EO modulator, and GSCS based comb, a significantly higher number of lines ($25 lines within 3 dB flatness) were generated, with a CNR of $50 dB, but with a higher RIN on each comb line.
Experimental Results and Discussion
The optical spectra for the three comb sources mentioned above, at different stages, are shown in Fig. 3 . The filtered comb tones from the EO modulator based comb, externally injected GSCS and semiconductor MLL comb source are shown in Fig. 3(a) -(c) (measured at point A in Fig. 1 ), whilst the signal after modulation (at point B in Fig. 1 ) is presented in Fig. 3(d)-(f) . Fig. 3(g) -(k) depicts one filtered channel at the receiver prior to detection (point C on Fig. 1) .
The generated optical comb sources exhibit different levels of CNR as can be observed from Fig. 3(a)-(c) . Table 1 summarizes the CNRs for different channels of the three different optical comb sources (measured at the output of the optical comb source). The highest CNR was obtained with the EO modulator comb, whilst the externally injected GSCS had marginally better CNR than semiconductor MLL. The RIN of the optical comb sources employed is an important parameter as intensity noise is one of the limiting factors in IM/DD systems, such as compatible SSB OFDM. Hence, RIN measurements of individually filtered comb lines were carried out as described in [30] , [31] , and the received optical power during the measurement was $1 dBm. The achieved results are shown in Fig. 4 , and the averaged RIN (DC À 3.5 GHz) for different channels of the different three comb sources is given in Table 2 . EO modulator based comb has the lowest averaged RIN, followed by externally injected GSCS. The effect of mode partition noise, which is a characteristic of semiconductor mode-locked lasers [29] , causes the averaged RIN for individually filtered lines of the semiconductor MLL to have higher values compared to the other two optical comb sources. Each of the four filtered channels has a RIN of $ À116 dB/Hz, whilst the averaged RIN (DC À 3.5 GHz) for the all channels is $ À132 dB/Hz.
TABLE 1
Measured CNR for different channels of the three different optical comb sources Fig. 3 . Filtered optical spectra of (a) EO comb source, (b) externally injected GSCS, and (c) semiconductor TMLL comb source. Optical spectra of the modulated (d) EO comb source, (e) externally injected GSCS, and (f) TMLL comb source. Optical spectra of a filtered channel at the receiver prior to detection for (g) EO comb source, (h) externally injected GSCS, and (i) TMLL comb source. The resolution bandwidth for the captured optical spectra is 20 MHz.
The experimentally measured performances of the IM/DD compatible SSB OFDM system, employing all three optical comb sources, are shown in Fig. 5 . The BER was measured by varying the received optical power with the aid of a variable optical attenuator (VOA). Results obtained show that the best performance in the IM/DD compatible SSB OFDM system was achieved by using the EO modulator based comb. This was followed by GSCS and semiconductor MLL respectively. The difference in performance can be explained by the different values of RIN and CNRs for the comb sources under investigation. All three combs sources have the same sensitivity at the 7% FEC limit (4:4 Á 10 À3 [32] ), as system performance for low levels of received power was dominated by thermal and shot noise at the APD receiver. However, at the higher power levels, system performance was limited by the RIN and CNR of the employed comb sources. The performance of the continuous wave (CW) laser, which has averaged (DC À 3.5 GHz) RIN ¼ À141:5 dB/Hz and CNR ¼ 76 dB (measured at 20 MHz resolution bandwidth), is shown in Fig. 5(a) . The best performance and the lowest error floors, among optical comb sources, were obtained by using the EO modulator based comb source [ Fig. 5(a) ]. Ch 4 of the EO modulator based comb, which has the lowest level of RIN (À135 dB/Hz) and the highest CNR (69 dB), has better performance compared to the other three channels. Ch6 and Ch7 have slightly better performance than Ch1 as they have a 1 dB higher CNR, while the average RIN values are the same for all three channels.
The performance of the externally injected GSCS is shown in Fig. 5(b) . The results obtained show that Ch1, which has the highest CNR (53 dB) and the lowest RIN ($ À127 dB/Hz), has the best performance. Although Ch7 has lower CNR than Ch6, it has slightly better performance due to the lower RIN. In the case of the semiconductor MLL (see Fig. 5(c) ), the measured penalty in performance (at the BER ¼ 7 Á 10 À5 ) between different channels is determined by the difference in CNR between the channels, as all channels have approximately the same RIN. The best performing channel of the GSCS has a 1 dB higher CNR than the best performing channel of the semiconductor MLL, but the penalty in performance of the MLL channel (at the BER ¼ 4:5 Á 10 À5 ) was around 3 dB due to the significantly lower RIN of the filtered GSCS carriers compared to the semiconductor MLL filtered carriers.
The characterization of carrier-to-signal ratio is performed to ensure that system is operating at the optimum point. The optimum CSR for employed compatible SSB-OFDM with PAPR $12 dB was found to be around 11 dB, as shown in Fig. 6 , which presents BER values for different CSR levels for one filtered channel of semiconductor MLL. The measured optimum CSR level has good matching with the previously reported values [14] .
Further investigation on the influence of the CNR on the performance of the system was performed by loading white noise at the output of the semiconductor MLL source prior to the modulation (see point A in Fig. 1) . Accordingly, the values of the CNR were varied and the system performance was measured. The obtained measurement results are given in Fig. 7 . Fig. 7(a) shows the performance of one channel filtered from the semiconductor MLL comb for a range of received optical power and different values of CNR, whilst Fig. 7(b) shows the measured penalty (at the maximum received power of À18 dBm) for four MLL channels for different values of CNR, relative to the performance achieved with the maximum CNR on each channel. Depending on the initial CNR, the channels exhibit different penalties when CNR is changed from initial level to CNR ¼ 45 dB. Further changes in CNR cause approximately the same penalties for all channels.
Simulations
The influence of RIN on the system performance was further investigated through simulations. The system setup shown in Fig. 1 was simulated by using co-simulations of Matlab and Virtual Photonics Incorporated Transmission Maker (VPI TM 9.0). The 12.5 Gb/s compatible SSB OFDM signal was generated in Matlab and applied to VPI-TM by using a co-simulation interface. An optical multicarrier signal was generated (see Fig. 2(a) ), modulated, de-correlated and detected in VPI-TM. After detection the signal was linked and analyzed with Matlab. Optical spectra of the generated optical comb and the modulated optical signal (point B in Fig. 1 ) are shown in Fig. 8(a) and (b) , respectively, whilst the obtained simulation results are illustrated in Fig. 8(c) . The BER was measured as a function of the received optical power and for different values of RIN of the one filtered channel from the optical multicarrier signal.
By setting the RIN to a specific value, the corresponding CNR was obtained. The CNR of channel under investigation was $51.5 dB for the case when the RIN was À110 dB/Hz, and gradually increased with a reduction in the RIN. For the case when the RIN was À150 dB/Hz, the CNR was measured to be $53.5 dB. However, the penalty in performance between the case with the lowest and highest RIN was around 7 dB (at the BER ¼ 1 Á 10 À4 ). Comparison of the experimental and simulation system performance results yielded excellent agreement between the two and is depicted in Fig. 8(d) . For instance, comparing the experimental result for Ch1 of the GSCS, which has a CNR of 53 dB and a RIN ¼ À127 dB/Hz, with the simulation result for the case when the CNR $53 dB and RIN ¼ À130 dB/Hz shows that the performances are very similar (see Fig. 8(d) , denoted by a square and a circle, respectively). Also, comparison of Ch9 of the semiconductor MLL experimental result (CNR ¼ 52 dB, RIN ¼ À116 dB/Hz) with the simulation result (CNR ¼ 52 dB, RIN ¼ À115 dB/Hz) also show that there is good agreement (denoted by a triangle and a diamond respectively). A comparison between certain simulation results obtained for the EO based comb source (see Fig. 2(a) ) and experimental results for the GSCS and semiconductor MLL is relevant, as the simulation is performed for specified values of the parameters which determine the system performance, such as RIN and CNR.
It can be observed from Fig. 4 that the RIN has the highest values within the range from DC to 5 GHz. Therefore, if a spectral gap between the carrier and the OFDM signal is provided, such in the case of the offset OFDM [33] , reduced penalty caused by the RIN can be expected. However, the occupied spectral bandwidth would be larger, and this could cause problems when filtering out one channel from the WDM signal, as the spectral separation between channels will be reduced.
Conclusion
Intensity modulated OFDM has recently been considered as a promising candidate for future access/regional networks due to advantages such as overcoming transmission impairments (such as chromatic and polarization mode dispersion), high spectral efficiency, and relatively low cost. The analog optical systems, such as IM/DD compatible SSB-OFDM, are vulnerable to optical noise. Therefore, such systems are sensitive to relative intensity noise and carrier-to-noise ratio of the optical source used, which significantly impacts the possibility of employing optical multicarrier sources. In this paper, we investigate and compare the performances of three different multicarrier optical sources in an IM/DD compatible SSB OFDM system. The RIN and CNR of the EO modulator based comb, externally injected GSCS and semiconductor MLL have been characterized, and their influence on the performance of IM/DD compatible SSB OFDM system investigated. The results obtained show significant performance dependence of the investigated system on RIN and CNR levels of the multicarrier optical source employed. Furthermore, experimentally and by simulations we determine the values of RIN and CNR sufficient for satisfactory system operation, and it is also shown that optical multicarrier sources with low relative intensity noise and high carrier-to-noise ratio levels can assure very good performance of the system.
